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Abstract
Mass differences of the flavor octet and decuplet ground-state baryons are
studied in the perturbative chiral quark model. We present a way to under-
stand the nontrivial spin- and flavor dependent mass differences, where both
pseudoscalar mesons and gluons play a significant role.
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I. INTRODUCTION
In the na¨ıve non-interacting quark model the masses of ground-state baryons are solely
classified by their strangeness. Therefore, in this limit the masses of nucleon and ∆, and also
that of Λ and Σ, are degenerate. Traditionally, this degeneracy is removed by introducing a
hyperfine(spin-spin) interaction [1,2]
Hhyp =
1
2
∑
i < j
Hij ~si · ~sj δ3(~ri − ~rj) (1)
where ~si is the spin operator acting on the i-th quark. Here, Hij is the two-body quark
coupling which includes a common color factor −2/3 and explicitly depends on the flavor of
the constituent quarks through their masses mi and mj :
Hij ∼ 2
3
1
mimj
. (2)
The use of SU(6) spin-flavor wave functions for the ground-state baryons B leads to simple
relations between the matrix elements 〈B|Hhyp |B〉, which are the perturbative mass shifts
due to the hyperfine interaction. Denoting the contribution from a non-strange quark pair
as Hqq (and similarly for strange quarks with q replaced by s), in the isospin limit the masses
of the ground-state baryons are composed as [2]
1
mN = 3E0 − 38Hqq
mΛ = 2E0 + E
s
0 − 38Hqq
mΣ = 2E0 + E
s
0 +
1
8
Hqq − 12Hqs
mΞ = E0 + 2E
s
0 − 12Hqs + 18Hss
m∆ = 3E0 +
3
8
Hqq
mΣ∗ = 2E0 + E
s
0 +
1
8
Hqq + 14Hqs
mΞ∗ = E0 + 2E
s
0 +
1
4
Hqs + 18Hss
mΩ = 3E
s
0 +
3
8
Hss
(3)
Here, E0 and E
s
0 are the single particle ground-state energies of the non-strange and strange
quark, respectively. These mass formulas satisfy the Gell-Mann-Okubo mass relations
mΣ −mN = 1
2
(mΞ −mN ) + 3
4
(mΣ −mΛ) , mΣ∗ −m∆ = mΞ∗ −mΣ∗ = mΩ −mΞ∗ (4)
providing a condition on the matrix elements of the residual interaction with Hqq −Hqs ≃
Hqs − Hss. With the choice Es0 − E0 ≃ 180 MeV, Hqq ≃ 400 MeV and Hqq − Hqs ≃
Hqs −Hss ≃ 150 MeV, all the observed mass differences can be roughly reproduced.
The hyperfine interaction of Eq. (1) can for example be generated by the one-gluon-
exchange mechanism between two quarks (in the non-relativistic reduction) [3]. Actually,
the relevant part for the ground-state baryons is just given by the form of Eq. (1), and the
mass differences in the multiplet have been explained [3]. Moreover, mass and structure of
excited p-wave baryons have been studied successfully by taking into account the hyperfine
interaction including a tensor term involved in the one-gluon-exchange [4].
During the last decade quark models based on one-meson-exchange responsible for the
inter-quark forces are often used as an alternative to study the baryon mass spectrum and
various consequences resulting from the structure of these states [5–13]. The relevant short
range part of the force is essentially the hyperfine interaction of the form ~λi·~λj ~si·~sj δ3(~ri−~rj),
where an explicit flavor dependence is implemented by the flavor operators ~λ, and hence in its
flavor dependence is different from Eq. (1). In these works the baryon spectrum including
the splitting within flavor multiplets, is quantitatively explained by this force instead of
Eq. (1), when adjusting the radial dependence of the interaction phenomenologically. Both
of these two mechanisms for explaining the flavor and spin dependence of baryon masses are
based on the non-relativistic picture with massive constituent quarks.
The importance of chiral symmetry for the phenomenology of hadron physics at low
and intermediate energies has been worked out and strongly established. The spontaneous
breakdown of chiral symmetry leads to the presence of Goldstone bosons, which are realized
by the low-lying octet of pseudoscalar mesons. Therefore, it is natural to expect that the
Goldstone bosons play a significant role in the description of the spectrum of baryons and
their structure. However, other mechanisms, such as one-gluon exchange, still can play some
role.
The Graz group [7] claims that a possible gluon-exchange is excluded in their quark model
which is solely based on Goldstone dynamics, while the Salamanca-Valencia approach [9]
resorts to a strong residual gluon interaction. In both works the key justification for the
respective flavor- and spin-dependent quark interactions rests on the correct description of
the level ordering in the nucleon spectrum, i.e. the positive parity Roper resonance (1440)
moves below the negative parity N∗ (1535) by the effect of the residual interaction. Actually,
results and conclusions drawn strongly depend on the treatment of the kinetic term (i.e. non-
, semi-, or full-relativistic) and of the short-range interaction (contact term or smeared out
interaction) [12]. In addition, in the quark model approach it is assumed that resonances
are exclusively described as simple excited three quark systems.
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Dynamical generation of resonances in multichannel approaches are an alternative picture
to possibly explain the excitation spectrum of baryons. For example, in the chiral unitary
approach, the N∗(1535) resonance is mainly a KΣ and KΛ system [14–17]. This approach
suggests that the coupling to configurations by creating a ss¯ pair is essential to explain the
resonance structure in the quark picture. Also, an even more complicated multi-channel
structure is seemingly underlying the Roper resonance [18–21].
In this paper we study the mass spectrum of the so-called ground-state baryons in a
relativistic chiral quark model. Here we restrict to the octet and decuplet ground states of
flavor SU(3) baryons, since the valence quark component is the leading contribution and the
residual interaction can be treated perturbatively.
The perturbative chiral quark model [22–25] is an effective model of baryons based on
chiral symmetry. The baryon is described as a state of three localized relativistic quarks
supplemented by a pseudoscalar meson cloud as dictated by chiral symmetry requirements.
In this model the effect of the meson cloud is evaluated perturbatively in a systematic fashion.
The model has been successfully applied to the nucleon electro-magnetic form factors, the
meson-nucleon sigma term, the nucleon-∆ photo-transition and the nucleon axial coupling
constant amongst other applications. In this paper, we extend the model to include gluon
degrees of freedom and we also introduce a violation of flavor SU(3) symmetry. Then we
evaluate meson and gluon cloud induced mass shifts for the octet and decuplet of ground-
state baryons.
This paper is organized as follows. In Section II, we introduce the perturbative chiral
quark model with additional gluon degrees of freedom and the flavor violation. In Section III,
we study the masses of the ground-state baryon within the model. Section IV contains a
summary of our major conclusions.
II. THE PERTURBATIVE CHIRAL QUARK MODEL (PCQM)
The perturbative chiral quark model [22–25] is based on an effective chiral Lagrangian
describing the valence quarks of baryons as relativistic fermions moving in an external field
(static potential) Veff(r) = S(r) + γ
0V (r) with r = |~x| [22,23], which in the SU(3)-flavor
version are supplemented by a cloud of Goldstone bosons (π,K, η). The origin of a such an
effective potential can be phenomenologically understood by the assumptions of Refs. [26]
where the gluon field can be decomposed into the vacuum background configuration and
small quantum fluctuations around it. In particular, the vacuum component of the gluon
field provides the confinement of quarks, which in turn is encoded in a confinement potential.
The quantum fluctuations of the gluon field can be also taken into account by dressing the
quark fields using a perturbative expansion.
When treating Goldstone fields and the quantum components of the gluon fields as
small fluctuations around the three-quark (3q) core, we have the linearized effective La-
grangian [22,23]:
Leff(x) = ψ¯(x)[i 6∂ − Veff(r)]ψ(x) + 1
2
8∑
i=1
[∂µΦi(x)]
2 − 1
4
F aµνF
aµν
− ψ¯(x)
{
S(r)iγ5
Φˆ(x)
F
+ gsγ
µAaµ(x)
λa
2
}
ψ(x) + LSB(x). (5)
3
F = 88 MeV is the pion decay constant in the chiral limit [27]; gs is the quark-gluon coupling
constant; Aaµ is the quantum component of the gluon field and F
a
µν is its conventional field
strength tensor; Φˆ =
8∑
i=1
Φiλi =
∑
P
ΦPλP is the octet matrix of pseudoscalar mesons with
P = π±, π0, K±, K0, K¯0, η. The explicit relations between the sets {ΦP , λP} and {Φi, λi}
are given in Ref. [25].
The term LSB = LχSB + L¯SB in Eq. (5) contains the mass contributions LχSB both for
quarks and mesons, which explicitly break chiral symmetry,
LχSB(x) = −ψ¯(x)Mψ(x)− B
2
Tr[Φˆ2(x)M] , (6)
and the term L¯SB, which breaks the unitary flavor SU(3) symmetry:
L¯SB(x) = −ψ¯(x)∆Veff(r)λsψ(x) . (7)
Here,M = diag{mu, md, ms} is the mass matrix of current quarks, B = −〈0|u¯u|0〉/F 2 is the
quark condensate constant, ∆Veff(r) = ∆S(r) + γ
0∆V (r) is a correction to the confinement
potential for strange quarks and λs = diag{0, 0, 1} is the strangeness matrix. We suppose
that the nonstrange and the strange quarks are exposed to a different confinement and,
therefore, introduce flavor dependent phenomenological potentials: Veff(r) for nonstrange
quarks and Veff(r) +∆Veff(r) for the strange quark. In practice, it is convenient to separate
the term
s¯∆Veff(r)s = ψ¯∆Veff(r)λsψ
and treat it as an operator which breaks the flavor SU(3) symmetry. After diagonalization
the meson mass terms take the form
B
2
Tr[Φˆ2(x)M] = 1
2
∑
P
M2P Φ
2
P (x) (8)
where MP is the set of pseudoscalar meson masses. In the numerical calculations we restrict
to the isospin symmetry limit with mu = md = mˆ. We rely on the standard picture of chiral
symmetry breaking [28] and for the masses of pseudoscalar mesons we use the leading term
in their chiral expansion, i.e. linear in the current quark masses (see exact expressions in
Ref. [25]. In the isospin limit they are given by
M2pi = 2mˆB, M
2
K = (mˆ+ms)B, M
2
η =
2
3
(mˆ+ 2ms)B. (9)
The following set of parameters [28] is chosen in our evaluation
mˆ = 7 MeV,
ms
mˆ
= 25, B =
M2pi+
2mˆ
= 1.4 GeV. (10)
Meson masses obtained by Eq. (9) satisfy the Gell-Mann-Oakes-Renner and the Gell-Mann-
Okubo relation. In addition, the linearized effective Lagrangian in Eq. (5) fulfills the PCAC
requirement.
We expand the quark field ψ in the basis of potential eigenstates as
4
ψ(x) =
∑
α
bαuα(~x) exp(−iEαt) +
∑
β
d†βvβ(~x) exp(iEβt) , (11)
where the sets of quark {uα} and antiquark {vβ} wave functions in orbits α and β are
solutions of the Dirac equation with the static potential Veff(r)+∆Veff(r)λs. The expansion
coefficients bα and d
†
β are the corresponding single quark annihilation and antiquark creation
operators.
We formulate perturbation theory in the expansion parameter Φˆ(x)/F ∼ 1/√Nc and
treat finite current quark masses perturbatively [22]. All calculations are performed at one
loop or at order of accuracy o(1/F 2, mˆ,ms). In the calculation of matrix elements we project
quark diagrams on the respective baryon states. The baryon states are conventionally set
up by the product of the SU(6) spin-flavor and SU(3)c color wave functions. Then the
nonrelativistic single quark spin wave function is replaced by the relativistic solution uα(~x)
of the Dirac equation[
−iγ0~γ · ~∇+ γ0S(r) + V (r)− E qα
]
uqα(~x) = 0 (12)
for nonstrange quarks, and[
−iγ0~γ · ~∇+ γ0{S(r) + ∆S(r)}+ V (r) + ∆V (r)− Esα
]
usα(~x) = 0 (13)
for the strange quark. Here, index q refers to the nonstrange (u or d) whereas s to the
strange quark; {uqα, E qα} and {usα, Esα} are the single-quark wave functions and energies of
nonstrange and strange quark, respectively.
For the description of baryon properties on tree level we use the effective potentials Veff(r)
and ∆Veff(r) with a quadratic radial dependence [22,23]:
S(r) = M1 + c1r
2, V (r) = M2 + c2r
2 (14)
∆S(r) = ∆M1 +∆c1r
2, ∆V (r) = ∆M2 +∆c2r
2 (15)
with the particular choice
M1 =
1 − 3ρ2q
2 ρqRq
, M2 = E q0 −
1 + 3ρ2q
2 ρq Rq
, c1 ≡ c2 = ρq
2R3q
, (16)
M1 +∆M1 =
1 − 3ρ2s
2 ρsRs
, M2 +∆M2 = Es0 −
1 + 3ρ2s
2 ρsRs
, c1 +∆c1 ≡ c2 +∆c2 = ρs
2R3s
. (17)
Here, the potential parameters are related to the set of quantities (Rq, ρq) and (Rs, ρs), which
characterize the ground-state wave function of nonstrange (uq0) and strange quark (u
s
0):
uq0(~x) = Nq exp
[
− ~x
2
2R2q
] (
1
iρq ~σ~x/Rq
)
χs χf χc , (18)
us0(~x) = Ns exp
[
− ~x
2
2R2s
] (
1
iρs ~σ~x/Rs
)
χs χf χc, (19)
where Nq = [π
3/2R3q(1+ 3ρ
2
q/2)]
−1/2 and Ns = [π
3/2R3s(1+ 3ρ
2
s/2)]
−1/2 are the corresponding
normalization constants; χs, χf , χc are the spin, flavor and color quark wave functions,
5
respectively. The constant parts of the scalar potentialM1 andM1+∆M1 can be interpreted
as the constituent masses of the quarks, which are simply the displacements of the current
quark masses mˆ and ms due to the potential S(r) + ∆S(r)λs.
In previous works, for example in the calculation of electromagnetic nucleon form fac-
tors [22], we restricted our kinematics to a specific reference frame, that is the Breit frame.
This particular choice is sufficient to guarantee local gauge invariance concerning the cou-
pling of the electromagnetic field (for a detailed discussion see Ref. [22]). The Breit frame is
specified as follows: the momentum of the initial state is p = (E,−~q/2), the final momentum
is p′ = (E, ~q/2) and the 4-momentum of the external field is q = (0, ~q ) with p′ = p+ q. The
constraint of local gauge invariance requires that the bare energies of the nonstrange (E q0)
and strange (Es0) quarks should be equal to each other: E q0 = Es0 = E0. In the following we
use this requirement for consistency of our calculation. Unitary symmetry breaking at tree
level is then contained in the deformation of the bare wave function of the strange quark
with respect to the nonstrange one: us0(~x) 6= uq0(~x).
The parameters {ρq, Rq} and {ρs, Rs} can be fixed from a study of some canonical (elec-
tromagnetic and semileptonic) properties of baryons at zeroth order. The parameter ρq is
related to the nucleon axial charge gA calculated in zeroth-order (or 3q-core) approximation:
gA =
5
3
(
1− 2ρ
2
q
1 + 3
2
ρ2q
)
=
5
3
(
1− 2
3
[1− γq]
)
(20)
where
γi =
1− 3
2
ρ2i
1 + 3
2
ρ2i
(21)
is the relativistic reduction factor for nonstrange (i = q) and strange (i = s) quarks (the
specific value γi = 1 corresponds to the nonrelativistic limit) [2]. Therefore, ρq can be
replaced by gA using the matching condition (20). In our calculations we use the value
gA=1.25 [22,23] or ρq =
√
2/13 ≃ 0.392. The parameter Rq is related to the charge radius
of the proton in the zeroth-order approximation as
〈r2E〉PLO =
∫
d3xuq †0 (~x) ~x
2 uq0(~x) =
3R2q
2
1 + 5
2
ρ2q
1 + 3
2
ρ2q
. (22)
In previous numerical studies Rq is varied in the region from 0.55 fm to 0.65 fm, which
corresponds to a change of 〈r2E〉PLO from 0.5 to 0.7 fm2 [22,23]. In the current work we use
the central value of Rq = 0.6 fm.
The values of the parameters ρs, Rs can be deduced from the ratios gA/gV of the axial (gA)
and vector (gV ) constants in semileptonic decays of hyperons. In zeroth-order approximation
following relations for the gA/gV ratios are obtained:
(gA/gV )|Λ→pe−ν¯e = −rA (−0.718± 0.015) ,
(gA/gV )|Σ−→ne−ν¯e =
1
3
rA (0.32± 0.017) ,
(gA/gV )|Ξ−→Λ0e−ν¯e = −
1
3
rA (−0.25± 0.05) ,
(gA/gV )|Ξ0→Σ+e−ν¯e = −
5
3
rA (−1.32+0.21−0.17 ± 0.05) .
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In the brackets (. . .) we quote the correponding experimental value [29]. The quantity rA is
the ratio of the spatial matrix elements of the axial and vector quark currents:
rA =
1 − ρ
2
q
2
κs
1 +
3
2
ρ2q κs
= 1 − 2
3
(1− γqs) , κs = 2∆s
1 + ∆2s
ρs
ρq
, ∆s =
Rs
Rq
(23)
which is related to the relativistic reduction factor γs for the s→ u flavor exchange:
γqs =
1 − 3
2
ρ2q κs
1 +
3
2
ρ2q κs
(24)
In the SU(3) flavor limit with Rs = Rq and ρs = ρq (or κs = 1) the factor γqs reduces to γq
introduced in Eq. (21) for the d→ u flavor transition. In this study, the parameters ρs and
Rs are fitted, as will be shown later, by using the baryon mass spectrum as well as to the
data for the gA/gV ratios. The best choice is: ρs = 0.354 and Rs = 0.58 fm. This results
in the value of rA = 0.77, which satisfies the above constraint from semileptonic hyperon
decay.
To evaluate the mass shifts of the baryons due to the residual interaction we formulate
perturbation theory. In general, the expectation value of an operator Aˆ is set up as:
〈Aˆ〉 = B〈φ0|
∞∑
n=0
in
n!
∫
d4x1 . . .
∫
d4xnT [LI(x1) . . .LI(xn)Aˆ]|φ0〉Bc , (25)
where the state vector |φ0〉 corresponds to the unperturbed three-quark state (3q-core).
Superscript ”B” in (25) indicates that the matrix elements have to be projected onto the
respective baryon states, whereas subscript ”c” refers to contributions from connected graphs
only. LI(x) contained in Eq. (25) is the interaction Lagrangian derived in Eq. (5):
LI(x) = −ψ¯(x)
{
S(r)iγ5
Φˆ(x)
F
+ gsγ
µAaµ(x)
λa
2
}
. (26)
For the evaluation of Eq.(25) we apply Wick’s theorem with the appropriate propagators
for quarks and mesons.
For the quark field we use a Feynman propagator for a fermion in a binding potential
with
δmniGmψ (x, y) = 〈0|T{ψm(x)ψ¯n(y)}|0〉 (27)
where m,n are the flavor indices and
iGmψ (x, y) = θ(x0 − y0)
∑
α
umα (~x) u¯
m
α (~y) e
−iEmα (x0−y0)
− θ(y0 − x0)
∑
β
vmβ (~x) v¯
m
β (~y) e
iEm
β
(x0−y0) . (28)
In present study we restrict the expansion of the quark propagator to the ground state with:
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iGmψ (x, y)→ iGm0 (x, y) .= um0 (~x) u¯m0 (~y) e−iE
m
0
(x0−y0) θ(x0 − y0). (29)
Such a truncation can be considered as an additional regularization of the quark propagator,
where in the case of flavor SU(2) intermediate baryon states in loop-diagrams are restricted
to N and ∆.
For the meson fields we adopt the free Feynman propagator with
i∆PP ′(x− y) = 〈0|T{ΦP (x)ΦP ′(y)}|0〉 = δPP ′
∫ d4k
(2π)4i
exp[−ik(x − y)]
M2P − k2 − iǫ
. (30)
For the gluon field we use the dressed propagator containing an effective quark-gluon
coupling constant αs(k
2) = g2s(k
2)/(4π) with a nontrivial momentum dependence. In our
consideration we use the Coulomb gauge1 to separate the contributions of Coulomb (Aa0)
and transverse (Aai ) gluons in the propagator:
i αsD
ab
00(x− y) = − δab
∫
d4k
(2π)4i
e−ik(x−y)
~k 2
αs(k
2) (31)
and
i αsD
ab
ij (x− y) = δab
∫
d4k
(2π)4i
e−ik(x−y)
k2 + iε
{
δij − kikj~k 2
}
αs(k
2) . (32)
Following the ideas of the approach to low-energy QCD based on the solutions of the Dyson-
Schwinger equations [30] we suppose that the running coupling constant αs(k
2) includes
nontrivial effects of vertex and self-energy corrections, etc. In the present paper, we test a
simple analytic form for αs as suggested in Ref. [30]:
αs(t) =
π
ω6
Dt2e−t/ω
2
+
2γmπ
ln
[
τ +
(
1 + t/Λ2QCD
)2]F (t) (33)
where t = −k2 is an Euclidean momentum squared, F (t) = 1− exp(−t/[4m2t ]) , τ = e2 − 1 ,
γm = 12/(33− 2Nf) , ΛNf=4QCD = 0.234 GeV , ω = 0.3 GeV and mt = 0.5 GeV. The functional
form of αs(t) was fitted to the perturbative QCD result in the ultraviolet region (at large
momentum squared), and is governed by a single parameter D in the infrared region. In
Ref. [30] the parameter D = (0.884GeV)2 was adjusted phenomenologically to reproduce
properties of pions and kaons described as bound states of constituent quarks. In our
considerations we fit the effective coupling with D = (0.49GeV)2 such that the ∆−N mass
splitting is reproduced. The running coupling αs(t) between quarks and gluons should be
considered as effective, since it depends on the way its used in phenomenology. Since, in
our model, we utilize gluon as well as meson degrees of freedom, it is natural that our fitted
value for D is smaller than the one of Ref. [30]. Namely, the relatively small value for D
leaves space for meson cloud effects in the infrared region.
1It can be shown that the results do not depend on the choice of the gauge.
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III. BARYON MASS SHIFT WITH IN THE PCQM
In chiral quark models, the mass of the ground-state baryon is given by sum of the
contribution of the three-quark core, the finite current quark mass and the mass shift due
to the interaction between quarks and meson fields. In the present paper, we also include
the gluon induced mass shifts, hence the ground-state baryon mass is written as
mB = E3q +
∑
i
γimi + ∆m
M
B + ∆m
G
B . (34)
The first term E3q is the mass of the three-quark core which is the sum of the bare energies
of the ground-state quarks including the subtraction of the spurious center-of-mass (cm)
term Ecm:
E3q = 3E0 − Ecm . (35)
The second term is the finite current quark mass contribution, the last terms are the meson
and gluon cloud induced mass shifts, respectively.
The bare energy of the ground-state quark is the same in magnitude for both the non-
strange and strange quarks by construction (see discussion in Section II) and is considered
as a free parameter. We also use a unified value of Ecm for all baryons. Since E0 and Ecm
appear in a linear combination in Eq. (35), we only have one free parameter - the mass of
the three-quark core E3q. We fix E3q from a fit of the nucleon mass by including all one-loop
effects: E3q = 1612.4 MeV. The shift of the quark energy due to the finite current quark
massmi = mˆ , ms is calculated perturbatively and is given by a term linear inmi (see details
in Refs. [22,23]):
E0 → E0(mi) = E0 + γimi + o(mi) . (36)
where mi and γi are the values for the current quark mass (mˆ or ms) and for the relativistic
reduction factor (γq or γs). From the exact solution of the Dirac equation including the
current quark mass term it can be shown that higher order corrections o(mi) are negligible.
In the case of the nonstrange quark the linear term γqmˆ gives a correction of the order of
1%, whereas the term with o(mˆ) is about 10−2% of E0. For the strange quark the linear term
is more important yielding a correction of ∼ 20%, the higher-order term o(ms) is suppressed
giving a contribution of only 2% of E0.
In the PCQM, the mass shift ∆mB = ∆m
M
B + ∆m
G
B is evaluated perturbatively. In the
one-loop approximation it is given by
∆mB =
B〈φ0|
2∑
n=1
in
n!
∫
iδ(t1)d
4x1 · · · d4xnT [LI(x1) · · ·LI(xn)]|φ0〉Bc (37)
where LI is the interaction Lagrangian of quarks with meson and gluon fields. The dia-
grams contributing to ∆mB are shown in Fig.1 (meson contribution) and in Fig.2 (gluon
contribution).
The meson induced baryon mass shift ∆mMB consists of the contribution of the meson
cloud (Fig.1a) and the meson exchange (Fig.1b) diagram. The expression for the meson
contribution to the baryon mass shift is given by
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∆mMB =
∑
Φ=pi,K,η
∆mΦB =
∑
Φ=pi,K,η
[ ∆m
Φ[C]
B (M
2
Φ) + ∆m
Φ[E]
B (M
2
Φ) ] (38)
where ∆m
Φ[C]
B is the contribution of the diagram of Fig.1a and ∆m
Φ[E]
B is related to the
diagram of Fig.1b. The partial contribution of the π, K, and η-meson cloud to the baryon
mass shifts are written as
∆m
pi[C]
B (M
2
pi) = d
pi[C]
B Π[qq,qq](M
2
pi) (39)
∆m
K[C]
B (M
2
K) = d
K[C1]
B Π[qs,sq](M
2
K) + d
K[C2]
B[sq,qs]Π[sq,qs](M
2
K) (40)
∆m
η[C]
B (M
2
η ) = d
η[C1]
B Π[qq,qq](M
2
η ) + d
η[C2]
B Π[ss,ss](M
2
η ) (41)
∆m
pi[E]
B (M
2
pi) = d
pi[E]
B Π[qq,qq](M
2
pi) (42)
∆m
K[E]
B (M
2
K) = d
K[E1]
B Π[qs,sq](M
2
K) + d
K[E2]
B Π[sq,qs](M
2
K) (43)
∆m
η[E]
B (M
2
η ) = d
η[E1]
B Π[qq,qq](M
2
η ) + d
η[E2]
B Π[qq,ss](M
2
η ) + d
η[E3]
B Π[ss,ss](M
2
η ). (44)
Here, d
Φ[J]
B are recoupling coefficients which are listed in Table I and Π[ij,kl](M
2
Φ) are the
meson-loop integrals
Π[ij,kl](M
2
Φ) = −
(
gA
πF
)2 ∞∫
0
dp p4
Gij(p
2)Gkl(p
2)
p2 + M2Φ
. (45)
The quark-meson transition form factor Gij(p
2) is given by
Gij(p
2) = ρij
(
∆ij
∆i∆j
)5/2 (ρi∆j + ρj∆i
2ρq
)(
1 +
5ρ2q
2− ρ2q
[∆ij − 1]
)
Fij(p
2) (46)
where
∆ij =
2∆2i ∆
2
j
∆2i + ∆
2
j
, ρij =
2 + 3ρ2q
(2 + 3ρ2i )
1/2(2 + 3ρ2j )
1/2
(47)
and Fij(p
2) is the meson-quark transition form factor normalized to unity at p2 = 0:
Fij(p
2) = exp
(
− p
2R2
4
∆ij
) [
1 − p
2R2
2
ρ2q ∆
2
ij
2 − 6ρ2q + 5 ρ2q ∆ij
]
. (48)
The gluon induced baryon mass shift ∆mGB consists of the contribution of the gluon cloud
(Fig.2a) and the exchange (Fig.2b) diagram. As in the previous case we separate the gluon
induced mass shifts ∆mGB into terms arising from the gluon cloud (∆m
E[C]
B and ∆m
M[C]
B ) and
the gluon exchange (∆m
E[E]
B and ∆m
M[E]
B ) corrections. A corresponding index is introduced
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in square brackets. In addition, the index E or M indicates contributions of Coulomb or
transverse gluons, respectively:
∆mGB = ∆m
G[C]
B + ∆m
G[E]
B , (49)
∆m
G[C]
B = ∆m
E[C]
B + ∆m
M[C]
B , ∆m
G[E]
B = ∆m
E[E]
B + ∆m
M[E]
B , (50)
where
∆m
I[C]
B = d
I[C1]
B Σ
I
qq + d
I[C2]
B Σ
I
ss ,
∆m
I[E]
B = d
I[E1]
B Σ
I
qq + d
I[E2]
B Σ
I
qs + d
I[E3]
B Σ
I
ss .
with I = E,M. Here, d
I[J]
B are the recoupling coefficients which are listed in Table II and
ΣE(M)q1q2 are the gluon-loop integrals with
ΣEq1q2 =
1
π
∞∫
0
dp αs(p
2)Gq1E (p
2)Gq2E (p
2) (51)
ΣMq1q2 =
1
π
∞∫
0
dp αs(p
2)Gq1M(p
2)Gq2M(p
2).
The charge and magnetic form factors GiE and G
i
M with i = q, s of the constituent quarks are
calculated at leading order (LO) or at tree level (without inclusion of the dressing by meson
and gluon cloud corrections) using the solutions of the Dirac equation for nonstrange (18)
and strange (19) quarks:
GiE(p
2) =
∞∫
0
dx x2 j0(px)
{
[gi0(x)]
2 + [f i0(x)]
2
}
=
(
1− ρ
2
i
1 + 3
2
ρ2i
p2R2i
4
)
exp
(
−p
2R2i
4
)
, (52)
GiM(p
2) =
∞∫
0
dx x2 j1(px)
{
2 gi0(x) f
i
0(x)
}
= 2p
ρiRi
1 + 3
2
ρ2i
exp
(
−p
2R2i
4
)
,
where gi0 and f
i
0 are the upper and lower components of the Dirac spinors; j0 and j1 are the
spherical Bessel functions. In Fig.3 we indicate the momentum dependence of the effective
coupling as function of three-momentum squared (solid line). For comparison we also show
the functions αs(p
2) used in Ref. [30] (long-dashed line) and the one referring to perturbative
one-loop QCD (dotted line). The infrared part of αs(p
2) in the present calculation is much
smaller than the one used in Ref. [30]. This again can be explained by the fact that in the
infrared domain both gluon and meson degrees of freedom are strongly interacting with the
quark fields. It leads in turn to a relative suppression of the effective running constant αs(p
2)
at low p2 with respect to the original fit. The residual gluon contribution is therefore smaller
than in the approach [30] where mesonic degrees of freedom are not taken into account in
the description of baryon structure.
It is convenient to separate the value of the baryon mass mB into a term related to the
chiral limit
0
mB (defined in the limit mˆ,ms → 0 with ρs = ρq and Rs = Rq) and a term
referring to the violation of chiral and unitary flavor symmetry δmB:
11
mB =
0
mB + δmB . (53)
Here
0
mB = E3q + ∆
0M
mB +∆
0G
mB (54)
∆
0M
mB =
∑
Φ=pi,K,η
{
∆m
Φ[C]
B (0) + ∆m
Φ[E]
B (0)
}∣∣∣∣
ρs=ρq , Rs=Rq
,
∆
0G
mB =
{
∆m
G[C]
B + ∆m
G[E]
B
}∣∣∣∣
ρs=ρq , Rs=Rq
.
Meson loops also contribute to
0
mB, since in the chiral limit quarks also interact with massless
mesons. The separate contributions of the three-quark core (E3q), meson (∆
0M
mB) and gluon
(∆
0G
mB) cloud terms are:
E3q = 1612.4 MeV (55)
for both flavor octet and decuplet baryons. For the octet baryons we get
∆
0M
mB8 = −254.6 MeV − 148.6 MeV = −403.2 MeV (56)
∆
0G
mB8 = 565.2 MeV − 946.0 MeV = −380.8 MeV
while for the decuplet we have
∆
0M
mB10 = −254.6 MeV − 42.5 MeV = −297.1 MeV (57)
∆
0G
mB10 = 565.2 MeV − 755.6 MeV = −190.4 MeV.
In Eqs. (56) and (57) we indicate the contributions of the cloud (Figs.1a and 2a) and exchange
(Figs.1b and 2b) diagrams derived in Eq. (54). Only the exchange diagrams of Figs.1b and
2b contribute to the octet-decuplet mass splitting in the chiral limit:
δ =
0
mB10 − 0mB8= δM + δG (58)
where δM = 106.1 MeV and δG = 190.4 MeV are the partial meson and gluon contributions.
The octet baryon mass (
0
mB8) and a finite decuplet-octet baryon mass difference, both
defined in the chiral limit, are the natural ingredients (or input parameters) of chiral effective
Lagrangians (see, e.g. Refs. [27,31–37]). Our numerical values for these quantities are:
0
mB8 = 828.5 MeV , B
8 = N,Λ,Σ,Ξ (59)
0
mB10 = 1124.9 MeV , B
10 = ∆,Σ∗,Ξ∗,Ω
δ = 296.4 MeV ≈ 300 MeV .
Our value for δ is close to the experimental result for the ∆ − N mass splitting. Inclusion
of symmetry breaking corrections does not affect the value for
0
m∆ − 0mN evaluated in the
chiral limit. For comparison we quote the parameters of the average octet baryon mass
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0
mB8 and the mass difference δ as predicted or adjusted in other effective chiral approaches.
The value of
0
mB8 was estimated in heavy baryon chiral perturbation theory [32] with
0
mB8=
770±110 MeV. In chiral perturbation theory with infrared regularization [35] 0mB8 decreases
from 733 MeV at third order of the chiral expansion to 653 MeV at fourth order. In
Ref. [33] the input parameter δ = 300 MeV, which is very close to ours, was used in the
description of baryon magnetic moments. A detailed analysis of baryon (nucleon) masses
using a chiral extrapolation of lattice data was done in Refs. [36,37]. In Ref. [36] the meson-
loop contribution to the ∆−N mass splitting for different values ofM2pi (including the chiral
limit M2pi = 0 and the physical point) was studied in both schemes (quenched and full) of
lattice QCD. The pion cloud contributes not more than one third to the observed ∆−N mass
splitting. For a specific choice of the regulator parameter meson loops result in about 50 MeV
in the full scheme of lattice QCD. The remaining contribution to the splitting is probably
attributed to short-range effects, like gluon exchange. Below we show that the lattice finding
corresponds to the situation derived in our model: the partial contributions of meson and
gluon cloud to δ are 1/3 and 2/3, respectively. In Ref. [37] a value of
0
mN≃ 880 MeV was
deduced with baryon chiral perturbation theory up to order p4.
In Table III we give the results for the partial and total mass shifts of the octet and
decuplet baryons for our set of parameters: ρq =
√
2/13, ρs = 0.354, Rq = 0.6 fm and
Rs = 0.58 fm. Table IV contains the results for the case when the parameters of nonstrange
and strange quarks are degenerate with ρq = ρs =
√
2/13 and Rq = Rs = 0.6 fm. The meson
cloud provides a significant downward shift, e.g., for nucleon it is about −300 MeV. Thereby
the dominant contribution is due to pion loops with ∼ −260 MeV. The two sets of results,
with and without inclusion of flavor symmetry breaking, presented in Tables III and IV
display no big difference. The results differ slightly in particular for hyperons due to the
modification of the kaon cloud. Meson loop effects also provide considerable mass splittings.
For example, they contribute 110 MeV to the splittingmΞ−mN , which is of considerable size.
However, the meson induced mass shifts are not sufficient to explain the full observed mass
splittings. For example, meson effect yield only 100 MeV to the mass difference m∆ −mN ,
and also only 40 MeV to mΣ−mΛ. The observed splittings are about 300 MeV and 75 MeV,
respectively. An additional mechanism, like effective gluon exchange, is needed to explain
the observed splittings. The important ingredients to partially reproduce the mass shifts are
at this level already taken into account: breaking of unitary flavor symmetry, meson cloud
effects and finite current quark masses (especially for the strange quark).
In a next step we also include the quantum corrections of the gluon cloud to the baryon
masses. The numerical results for the mass shifts induced by the gluon corrections are
given in Tables V and VI. Again, we present our predictions for the two sets of parameters
ρq =
√
2/13, ρs = 0.354, Rq = 0.6 fm and Rs = 0.58 fm (Table V) and ρq = ρs =
√
2/13
and Rq = Rs = 0.6 fm (Table VI). In the ”symmetric” case, where the bare parameters
of the quark wave functions are identical, gluon cloud corrections to the baryon octet and
decuplet mass shifts are degenerate.
Combining all effects we can reasonably reproduce all the observed mass differences. In
Table VII we give the full results for the ground-state baryon masses indicating all mecha-
nisms (bare mass, mass shifts induced by the current quark mass, meson and gluon cloud)
for the best choice of free parameters. For the experimental data we quote the masses of
13
mP , mΛ0 , mΣ+ , mΞ−, m∆+ , mΣ∗+ , mΞ∗− and mΩ−. For completeness, in Table VIII we also
list our results for the symmetric set of free parameters. Obviously, in the latter case the de-
scription of the hyperon mass spectrum deteriorates with respect to the ”asymmetric case”
where the mechanism of SU(3) flavor symmetry breaking is included. In the following we
only discuss the full results presented in Table VII. The predicted mass of the Σ baryon is
heavier than that of the Λ hyperon consistent with the experimental observation, although
the obtained difference is a little smaller than the data. The difference is generated both
by meson and gluon induced mass shifts, but the mesonic effect is about 40 MeV and hence
more important than the one due to the gluon. A slightly more ”asymmetric parameter”
set results in a larger gluon induced mass difference and hence a better fit to the Σ − Λ
mass splitting, but the overall mass prediction gets worse. Next we illustrate the validity
of our model in the context of the Gell-Mann-Okubo mass relations (4). Both the meson
and gluon induced mass shifts well satisfy the relations separately, based on our construc-
tion of SU(6) baryon wave functions; hence the predictions for the total masses also satisfy
these relations. Moreover, our model generates small violations of the relations which are
qualitatively consistent with data, i.e. L.H.S. > R.H.S. in the octet and L.H.S. > Center >
R.H.S. in the decuplet. These phenomenologically consistent violations are provided by the
meson cloud, while the gluon corrections give opposite signs. Finally, we comment on the
SU(3) breaking effects on the meson-nucleon sigma terms, which are fully discussed in Ref.
[25]. We list the results in Table IX, where the additional effect is found to be negligibly
small. For example, the obtained πN sigma term of 54.6 MeV is merely 0.1 MeV smaller
than in the case of the symmetric parameter set. This is naturally to be expected since
the nucleon does not contain strange valence quarks and hence only kaon loop diagrams are
affected by the flavor symmetry breaking. Again, the ”asymmetric parameter” set is more
important when considering hyperons. Therefore, the results for the meson-nucleon sigma
terms indicated in a recent paper [25], where the ”symmetric parameter” set is employed,
are essentially reasonable.
IV. SUMMARY
We have studied the mass spectrum of the ground-state baryons in the perturbative
chiral quark model. We have extended the model by including quantum corrections of the
gluon and by setting up a more realistic mechanism for SU(3) flavor symmetry violation.
Both, meson and gluon induced mass shifts are important ingredients to quantitatively
reproduce the absolute baryon mass spectrum and the resulting mass splittings. The mass
splitting between the octet and the decuplet baryons is dominantly generated by the gluon
mechanism. In particular, the ∆−N mass difference is saturated by 1/3 by the meson cloud,
while gluon corrections contribute about 2/3. This finding is consistent with a recent lattice
simulation [36], where a sizable nucleon-∆ mass splitting is even observed in the quenched
approximation. For the mass scales within each multiplet the meson mechanism is found to
be the most important effect, as demonstrated for example for the Σ−Λ mass difference. In
addition, the meson mechanism is qualitatively consistent with the small violations of the
14
Gell-Mann-Okubo mass relations.
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TABLES
TABLE I. Meson recoupling coefficients for the octet and decuplet baryons in units of 1/400.
d
Φ[J]
B
pi[C] K[C1] K[C2] η[C1] η[C2] pi[E] K[E] η[E1] η[E2] η[E3]
N 81 54 0 9 0 90 0 - 6 0 0
Λ 54 36 36 6 12 54 36 - 6 0 0
Σ 54 36 36 6 12 6 60 2 16 0
Ξ 27 18 72 3 24 0 60 0 16 8
∆ 81 54 0 9 0 18 0 6 0 0
Σ∗ 54 36 36 6 12 6 24 2 -8 0
Ξ∗ 27 18 72 3 24 0 24 0 -8 8
Ω 0 0 108 0 36 0 0 0 0 24
TABLE II. Gluon recoupling coefficients for the octet and decuplet baryons in units of 1/9.
d
I[J]
B
E[C1] E[C2] M[C1] M[C2] E[E1] E[E2] E[E3] M[E1] M[E2] M[E3]
N 36 0 -72 0 -36 0 0 -24 0 0
Λ 24 12 -48 -24 -12 -24 0 -24 0 0
Σ 24 12 -48 -24 -12 -24 0 8 -32 0
Ξ 12 24 -24 -48 0 -24 -12 0 -32 8
∆ 36 0 -72 0 -36 0 0 24 0 0
Σ∗ 24 12 -48 -24 -12 -24 0 8 16 0
Ξ∗ 12 24 -24 -48 0 -24 -12 0 16 8
Ω 0 36 0 -72 0 0 -36 0 0 24
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TABLE III. Baryon mass shifts (in units of MeV) induced by the meson cloud for the parameter
set ρq =
√
2/13, ρs = 0.354, Rq = 0.6 fm and Rs = 0.58 fm.
∆m
Φ[J]
B
pi[C] K[C] η[C] pi[E] K[E] η[E] Total
N −125.2 −40.0 −6.2 −139.1 0 4.1 −306.5
Λ −83.5 −53.4 −11.5 −83.5 −26.7 4.1 −254.5
Σ −83.5 −53.4 −11.5 −9.3 −44.5 −11.8 −214.0
Ξ −41.7 −66.7 −16.9 0 −44.5 −15.3 −185.1
∆ −125.2 −40.0 −6.2 −27.8 0 −4.1 −203.3
Σ∗ −83.5 −53.4 −11.5 −9.3 −17.8 3.8 −171.7
Ξ∗ −41.7 −66.7 −16.9 0 −17.8 0.3 −142.8
Ω 0 −80.1 −22.2 0 0 −14.8 −117.1
TABLE IV. Baryon mass shifts (in units of MeV) induced by the meson cloud for the parameter
set ρq = ρs =
√
2/13 and Rq = Rs = 0.6 fm.
∆m
Φ[J]
B
pi[C] K[C] η[C] pi[E] K[E] η[E] Total
N −125.2 −42.3 −6.2 −139.1 0 4.1 −308.7
Λ −83.5 −56.4 −12.3 −83.5 −28.2 4.1 −259.8
Σ −83.5 −56.4 −12.3 −9.3 −47.0 −12.3 −220.8
Ξ −41.7 −70.6 −18.5 0 −47.0 −16.4 −194.2
∆ −125.2 −42.3 −6.2 −27.8 0 −4.1 −205.6
Σ∗ −83.5 −56.4 −12.3 −9.3 −18.8 4.1 −176.2
Ξ∗ −41.7 −70.6 −18.5 0 −18.8 0 −149.6
Ω 0 −84.7 −24.7 0 0 −16.4 −125.8
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TABLE V. Baryon mass shifts (in units of MeV) induced by the gluon cloud for the parameter
set ρq =
√
2/13, ρs = 0.354, Rq = 0.6 fm and Rs = 0.58 fm.
∆m
I[J]
B
E[C] M[C] E[E] M[E] Total
N 850.8 −285.6 −850.8 −95.2 −380.8
Λ 870.9 −274.2 −870.4 −95.2 −368.9
Σ 870.9 −274.2 −870.4 −87.3 −361.0
Ξ 890.9 −262.7 −890.4 −91.1 −353.3
∆ 850.8 −285.7 −850.8 95.2 −190.4
Σ∗ 870.9 −274.2 −870.4 91.2 −182.4
Ξ∗ 890.9 −262.7 −890.4 87.4 −174.8
Ω 910.9 −251.2 −910.9 83.7 −167.5
TABLE VI. Baryon mass shifts (in units of MeV) induced by the gluon cloud for the parameter
set ρq = ρs =
√
2/13 and Rq = Rs = 0.6 fm.
∆m
I[J]
B
E[C] M[C] E[E] M[E] Total
N,Λ,Σ,Ξ 850.8 −285.6 −850.8 −95.2 −380.8
∆,Σ∗,Ξ∗,Ω 850.8 −285.6 −850.8 95.2 −190.4
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TABLE VII. Full model results for the baryon mass spectrum (in units of MeV) for the set of
parameters ρq =
√
2/13, ρs = 0.354, Rq = 0.6 fm and Rs = 0.58 fm.
Core Quark Mesons Gluons Total Data
mN 1612.4 13.1 −306.4 −380.8 938.3 938.3
mΛ 1612.4 128.3 −254.4 −368.9 1117.4 1115.7
mΣ 1612.4 128.3 −213.9 −361.0 1165.9 1189.4
mΞ 1612.4 243.5 −185.1 −353.3 1317.5 1321.3
m∆ 1612.4 13.1 −203.4 −190.4 1231.8 1231.6
mΣ∗ 1612.4 128.3 −171.6 −182.4 1386.7 1382.8
mΞ∗ 1612.4 243.5 −142.9 −174.8 1538.3 1535.0
mΩ 1612.4 358.6 −117.1 −167.5 1686.5 1672.5
TABLE VIII. Full model results for the baryon mass spectrum (in units of MeV) for the set of
parameters ρq = ρs =
√
2/13 and Rq = Rs = 0.6 fm.
Core Quark Mesons Gluons Total Data
mN 1612.4 13.1 −308.8 −380.8 935.9 938.3
mΛ 1612.4 118.1 −259.8 −380.8 1089.9 1115.7
mΣ 1612.4 118.1 −220.9 −380.8 1128.8 1189.4
mΞ 1612.4 223.1 −194.3 −380.8 1260.4 1321.3
m∆ 1612.4 13.1 −205.7 −190.4 1229.4 1231.6
mΣ∗ 1612.4 118.1 −176.2 −190.4 1363.9 1382.8
mΞ∗ 1612.4 223.1 −149.6 −190.4 1495.5 1535.0
mΩ 1612.4 328.2 −125.8 −190.4 1624.4 1672.5
TABLE IX. Meson-nucleon sigma terms (in units of MeV) for the set of parameter (I)
ρq =
√
2/13, ρs = 0.354, Rq = 0.6 fm and Rs = 0.58 fm, and (II) ρq = ρs =
√
2/13 and
Rq = Rs = 0.6 fm
Set σpiN σ
u
KN σ
d
KN σηN
I 54.6 417.1 351.7 93.0
II 54.7 419.2 353.4 96.3
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FIGURES
Fig.1: Meson loop diagrams contributing to the baryon energy shift:
meson cloud (1a) and meson exchange diagram (1b).
Fig.2: Gluon loop diagrams contributing to the baryon energy shift:
gluon cloud (2a) and gluon exchange diagram (2b).
Fig.3: Effective running couplings αs(p
2): i) used in the present study (solid line), ii) used in
ref. [30] with the original parameterization (long-dashed line) and iii) used in perturbative
QCD (dotted line).
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